relaxation and passive diastolic properties in man. (abstr) Circulation 62 (suppl III): 111-205, 1980 SUMMARY Resting left ventricular (LV) function was evaluated in 22 patients with permanent ventricular pacemakers. LVejection fraction and volume indexes were determined by gated blood pool scintigraphy at ventricular pacing rates of 50-100 beats/min. In patients with a normal heart size, increases in pacing rates resulted in significant linear decreases in stroke volume index and ejection fraction. However, endsystolic volume index and cardiac index did not change. Patients with cardiomegaly appeared to respond differently. End-diastolic volume index decreased significantly as the pacing rate was increased from 50 to 100 beats/min. Ejection fraction was significantly reduced only at pacing rates of 90 and 100 beats/min. Mean cardiac index was highest at ventricular pacing rates of 70-90 beats/min. Increases in cardiac index, achieved by increasing the pacing rate, were maintained over a 4.3-month follow-up. Patients with underlying sinus rhythm had a 27% increase in cardiac output in association with an increase in ejection fraction from 55% to 62% when sinus rhythm was compared to ventricular pacing at a rate of 60 beats/min. These data suggest that patients with cardiomegaly have a narrow range of optimal pacing rates at rest. 
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These data suggest that patients with cardiomegaly have a narrow range of optimal pacing rates at rest. Materials and Methods Twenty-two male patients with a diagnosis of complete atrioventricular block were enrolled in the study. All patients had ventricular inhibited, rate-adjustable pacemakers (Medtronic Inc. models 5994, 5995, 5984 and 5985). The mean duration of ventricular pacing was 5.2 years (range 1-9 years). Nineteen patients had transvenous pacing leads implanted in the right ventricular apex and three had left ventricular epicardial leads. The patients were 48-78 years old and had a variety of underlying cardiac disorders (table 1) .
Patients were initially categorized as having a normal heart size or an abnormal heart size. An abnormal Idiopathic conduction system disease Abbreviation: CHF = congestive heart failure. left ventricular volumes between contrast angiography and radionuclide ventriculography was 0.94 (SEE = 16.3 ml over a volume range of 20-378 ml).
At least two radionuclide ventriculograms were performed at the same pacing rate on the same day in 15 patients. For example, if a patient initially had a pacing rate of 70 beats/min, an initial study at a pacing rate of 70 beats/min was performed. After other pacing rates had been tested, another study was performed at a rate of 70 beats/min. The standard error of the estimate for the ejection fraction when the two studies at the same rate were compared was 2.1 ejection fraction percentage points. The standard error of the estimate for endsystolic and end-diastolic volumes was 10.7 ml when the two scintigraphic studies were compared.
Statistical Methods
Left ventricular ejection fraction and volume indexes, systolic blood pressure and double product were evaluated in each patient group. These variables were evaluated using Duncan's multiple-range test for variable response. A Student-Newman-Keul test was then applied, and a p value < 0.05 was considered statistically significant.'1 All values are mean + SEM.
Results
In patients with cardiomegaly by conventional chest x-ray, end-diastolic volume index at a pacing rate of 50 beats/min was substantially above the upper limits of normal, with a mean of 149 ± 21.3 ml/m2. Enddiastolic volume index fell significantly at each incremental increase in pacing rate ( fig. 1 ), and at a pacing rate of 100 beats/min, had fallen to 1 12 + 17.4 mI/m2.
In contrast, patients with a normal-sized heart on conventional chest x-ray had an end-diastolic volume index of 81 + 5.3 ml/m2 at a pacing rate of 50 beats/min (range 54-97 ml/m2) ( fig. 2) . Although there was a trend toward decreasing end-diastolic volume index with increasing pacing rate, the increments that reached statistical significance were at pacing rates of 70 and 90 beats/min. Pacing rates of 70 and 90 beats/ min yielded progressively smaller end-diastolic volume indexes than rates of 50 and 60 beats/min. Values at pacing rates of 80 and 100 beats/min were not significantly different from those at 90 beats/min.
End-systolic volume index was not significantly altered by changes in ventricular pacing rate in either group of patients. End-systolic volume index was 94 ± 22.8 ml/m2 in the patients with cardiomegaly and fell to 79 ± 18.2 mI/m2 at a pacing rate of 100 beats/ min. This decrease was not significant at any point in the pacing range. Similarly, end-systolic volume index in the patients with a normal heart size was 35 ± 2.4 ml/m2 at a pacing rate of 50 beats/min and fell only slightly, to 33 ± 2.2 ml/m2, at a pacing rate of 100 beats/min.
Since end-systolic volume index was essentially unchanged in both groups and end-diastolic volume index tended to decrease with increases in pacing rate, ( was recorded at a ventricular pacing rate of 70 beats/ min in two patients, 80 beats/min in two, 90 beats/min in two and 100 beats/min in one patient. In comparing the highest cardiac indexes in these patients with the values at a ventricular pacing rate of 50 beats/min, the average increase was 0.8 + 1. 1/min/m2 (27%). In contrast, changes in the ventricular pacing rate had no significant effect on estimated cardiac index in patients with a normal heart size. The patients with cardiomegaly had their pacemakers programmed to the rate that provided the highest resting cardiac index. These patients were restudied an average of 4.3 months later. No significant changes were noted between values recorded during the initial study and the later study at the same rate.
Resting left ventricular ejection fraction in the patients with cardiomegaly was depressed (average 43 + 6.7%). The only significant changes in ejection fraction in this group occurred when ventricular pacing rates of 90 and 100 beats/min were programmed. The left ventricular ejection fraction at a rate of 90 beats/ min was 38 ± 6.3%, significantly less than the ejection fraction at a rate of 80 beats/min and less. The ejection fraction at 100 beats/min fell further, to 35 + 5.7%, which was also significantly less than that at 90 beats/min and less. In patients with a normal heart size, the left ventricular ejection fraction fell significantly with each 10-beat increase in pacing rate. the value recorded at a pacing rate of 80 beats/min. There were no significant changes in estimated endsystolic volume index when the patients were in sinus rhythm or at any of the pacing rates from 60 to 100 beats/min. Stroke volume index in sinus rhythm was 56 5.3 ml/m2 ( fig. 6 ). This fell to 43 5.0 ml/m2 at a pacing rate of 60 beats/min (p < 0.05). Increasing pacing rates further to 70 and 80 beats/min had no effect on stroke volume index. However, at a pacing rate of 90 beats/min, stroke volume index decreased to 33 2.4 ml/m2 (p < 0.05) and decreased further, to 29 1.9 ml/m2 (p < 0.05), when the pacing rate was increased to 100 beats/min.
Cardiac conventional chest x-ray, there were no significant differences in estimated cardiac index at any ventricular pacing rate from 50 to 100 beats/min. cardiac index compared with ventricular pacing at a rate of 60 beats/min (with asynchronous atrial contractions).
Clinical Implications
Ventricular pacing in normal animals may result in either no change or a decrease in left ventricular contractility. Badke and co-workers'4 noted a decrease in systolic shortening in the canine left ventricle when ventricular pacing was substituted for right atrial pacing. Others have reported similar results'5 and suggest that the altered synchronization created by pacing results in a less efficient contraction. The data from our patients with a normal heart size indicate that global left ventricular function as measured by the ejection fraction is negatively affected by an increase in ventricular pacing rate. However, in these presumably more normal left ventricles, such decrements in ejection fraction were not associated with negative effects on end-systolic volume index or resting cardiac index, and may represent a normal physiologic response.
In patients with cardiomegaly, ventricular pacing and pacing rate may be more important. This group of patients had lower ejection fractions at all pacing rates than patients who had a normal heart size. Ventricular pacing'at rates below 70 beats/min was associated with significantly lower cardiac indexes owing to an inability to increase stroke volume appropriately. To preserve resting cardiac index, optimal pacing rates appeared to be 70-90 beats/min. Neither the end-systolic volume index nor ejection fraction were significantly altered between pacing rates of 50 and 80 beats/min. Hence, diastolic filling time may be more critically rate-related in these patients. However, the number of patients with cardiomegaly examined in this study is small, and these findings must be confirmed in larger groups of patients.
Scintigraphic ejection fractions and volumes are independent of geometric considerations. Therefore, this technique may be ideally suited for evaluating the asynchronous left ventricular contraction that occurs in patients with pacemakers. In the patient with a marginal cardiac reserve, such studies may be useful for determining which rate is most applicable at rest.
